The unsupervised classification of hyperspectral images containing mixed pixels is addressed in this paper. Hyperspectral images are characterized by a trade-off between the spectral and the spatial resolution, this leading to data sets containing mixed pixels, e.g. pixels jointly occupied by more than a single land cover class. In [1], a preliminary research based on spectral unmixing concepts was conducted, in order to handle mixed pixels and to obtain thematic maps at a finer spatial resolution. In this work, we extend the investigation by proposing a new methodology based on image clustering. Experiments conducted on real data show the comparative effectiveness of the proposed method, which provides good results in terms of accuracy and is less sensitive to pixels with extreme values of reflectance.
INTRODUCTION
Land cover classification of remote sensing data is an important application of image analysis, used in many practical applications. The continuously growing availability of hyperspectral imagery, has opened new possibilities in the field of image analysis and classification. Hyperspectral sensors are characterized by a very high spectral resolution and a spatial resolution which can vary from few to tens of meters. One of the major issues of hyperspectral images is the relatively low spatial resolution, especially in case of high altitude sensors or instruments which cover wide areas. These sensor limitations can affect the performances of algorithms used to process hyperspectral data. In classification, the relatively low spatial resolution can lead to the challenging problem of mixed pixels, i.e., pixels containing more than one land cover type. Also in case of high spatial resolution, a hyperspectral image is often a combination of pure and mixed pixels. The issue of mixed pixels has been considered in several works [2] [3] [4] [5] proposing techniques which uses a high spatial resolution image jointly with the low resolution image, in order to obtain a fused image with high spectral and spatial resolution [2] , super-resolution approaches independent from any high spatial resolution data [3] , and methods which analyze the image assuming the possibility of mixed pixels were proposed in the last years, such as fuzzy classifiers [4] . Integration of soft and hard classification is an interesting possibility to handle mixed pixels [6] . The use of spectral unmixing to deal with the issue of mixed pixels caused by a coarse resolution was recently proposed in [1] . In this work, it is proposed to use clustering techniques and spectral unmixing, in order to obtain a better definition of spatial structures and better handle the problem of mixed pixels for hyperspectral images classification. A new technique is proposed, and the importance of spatial information is also investigated. Experiments have been conducted on two real hyperspectral data sets, showing an effective improvement in the classification of images with mixtures of classes.
METHODOLOGY
Hyperspectral images are generally composed by both pure and mixed pixels. In order to address the problem, we propose a technique in three steps. In a first step, spectra representing thematic classes are retrieved by mean of a source separation algorithm, or unsupervised classification. In a second step, the abundances of the single classes within each pixel is determined using spectral unmixing. Each mixed pixel is divided in a number of sub-pixels, which will be assigned to a class according to its fractional abundance. Finally, a spatial regularization using simulated annealing is performed to correctly locate the sub-pixels.
Spectral Unmixing
The first step of the proposed approach is the determination of the classes within the image. Two approaches are investigated in this work. The first approach retrieves the constituent endmembers of the image by mean of a source separation technique. Each pixel vector can be modeled using: X = p z=1 Φ z · E z + n, where E z denotes the spectral response of endmember z, Φ z is a scalar value designating the fractional abundance of the endmember z at the pixel X, p is the total number of endmembers, and n is a noise vector. The VCA [7] is a method to extract endmembers with a good tradeoff between computational complexity and accuracy. It does not require any input parameter besides the number of endmembers to search (similar results were obtained with the N-FINDR algorithm).
Endmember extraction techniques are a good way to retrieve classes, especially in the case of images comprising mixed pixels, but are in general sensible to 'outliers', e.g., which are detected as endmembers. For such a reason, the second proposed technique is an extension of a traditional unsupervised classifier (the K-means classifier) as a method to detect classes composing the image, which is expected to be less sensitive to the extreme pixels issue. Given a set of observations x 1 , x 2 , . . . , x n , where each observation is a ddimensional real vector, K-means clustering aims to partition the n observations into p sets so as to minimize the withincluster sum of squares:
where μ i is the mean of points in the cluster S i . The K-means classifier is first applied to the image. At the end of the classification process, the centroids of the classes found by the algorithm are retained as constituent spectra of the image. Once the endmembers are extracted from the image, the abundance fraction of the element within each pixel should be determined. Several algorithms have been developed to handle the linear mixing model according with the required physical constraint of abundances fractions, which are nonnegativity and full additivity. Due to the efficiency from a computational point of view, we use a common fully constrained least squares (FCLS) algorithm, which satisfies both abundance constraints and is optimal in terms of least squares error [8] .
Improving Spatial Resolution
Spectral unmixing is useful to describe the scene at a subpixel level, but can only provide information about proportion of the endmembers within each pixel. Since the spatial location remains unknown, spectral unmixing does not perform any resolution enhancement. In this paper, we propose a super-resolution mapping technique, which takes advantage of the information given spectral mixing analysis and uses it to enhance the spatial resolution of thematic maps. First, we set an abundance threshold to determine if a pixel can be considered as 'pure'. Since a single spectral signature can not represent extensively a class within all the image, the abundance determination is negatively affected by spectral variability. Therefore, all the pixels with maximum abundance greater than this threshold are considered as entirely belonging to the corresponding class. The other pixels are considered as mixed. The each pixel is divided in a fixed number of sub-pixels, according to the desired resolution enhancement. Every sub-pixel is assigned to a class, in conformity with the fractional computed in the first step. For each pixel, the number of sub-pixels n i to assign to the class i is computed according to the equation: n i = round abdi 1/N , where abd i is the fractional abundance of the class i within the considered pixel estimated with the FCLS and round(x) returns the value of the closest integer to x. In order to investigate the influence of spectral variability on the final results, we have tested two possible approaches. When using a source separation algorithm to retrieve the endmembers, the spectral signatures retrieved are used as 'endmembers' in the whole image, as shown in [1] . In the case of endmembers extracted using unsupevised classification, it is computed a preliminary 'classification map', where only the pure pixels are labelled. Then, the abundances of pixels are re-computed by considering only a number of pixels in the spatial neighbourhod of the considered mixed pixel. The endmember candidates are therefore chosen among the pixels labelled as 'pure' in the first step, in order to use local endmembers and to handle the problem of spectral variability. A simulated annealing mapping function is finally used, to create random permutation of these sub-pixels, in order to minimize a chosen cost function. Relying on the spatial correlation tendency of landcovers, we assume that each endmember within a pixel should be spatially close to the same endmembers in the surrounding pixels. Therefore, the cost function C to be minimized is chosen as the perimeter of the 
EXPERIMENTS ON REAL DATA

ROSIS data set
The first data set analyzed is a ROSIS image acquired over the University of Pavia, Italy, with 103 bands, ranging from 0.43 to 0.86 μm. Here, we consider a small segment (120×90 pixels) of the image, which contains a metal sheet structure in the center of the image. The experiments are intended to evaluate the usefulness of the proposed method as a tool for structure detection. Two different tests have been performed. The first one was on the original data, where all the pixels are considered as pure. In the second experiment, the spatial resolution of the image was artificially degraded of a factor 3, by applying a 3×3 low pass filter, so that the obtained images have a lower spatial resolution and comprises mixed pixels. In order to have a comparison with a traditional unsupervised classification method, we have also classified both images with a K-means classifier. The number of classes to select was set to 5, after applying the Virtual Dimensionality method (setting the probability of false alarm to 0.001). Besides the number of classes, the only parameter which needs to be set in the proposed method is the threshold to determine whether a pixel can be considered as 'pure' after the first step. Instead of choosing an absolute value, we considered the difference between the two biggest abundances within a pixel, and set this value to 0.4. The decision to consider a relative value as threshold was taken by considering the characteristic of hyperspectral data, which are in general subject to high spectral variability. When performing spectral unmixing, endmembers which do not belong to a pixel could results in a small, but larger than zero abundance, mainly because of spectral variability or noise influence. With the proposed method, if a pixel contains two classes with abundances 0.65 and 0.35, it will be considered as mixed. However, if several classes are included in the pixel, the largest abundance being 0.65 and the others smaller than 0.2, the pixel will be considered as pure, since we assume that low abundances are related to spectral variability and noise. The performances of the methods were evaluated on the classification of the metal sheet structure present in the middle of the image. In the case of low resolution data, the classification map obtained with the traditional unsupervised classifier was evaluated by comparison with the low resolution ground truth available, while the proposed methods are evaluated by comparison with the high resolution ground truth data. However all the methods take as input the same low resolution data. A simple post-processing (PP) was applied to the classification map, in order to eliminate sparse pixels. For each pixel, a 3×3 window including its surrounding was used, and the value set to the most represented class within the window. Both from Table I and Fig. 2 can be noticed the improvement provided by the proposed methods. Quite surprisingly, the K-means classifier provides better results in the case of low resolution data. The reason for this improvement is mainly due to two facts: 1) the pixel labelled as "structure" in the low resolution data are composed by the average value of 9 pixels of the original image, this mitigating the problem of spectral variability 2) the number of pixel labelled as "structure" are much less than in the original case, since all the samples which were averaged with pixels belonging to other classes or unknown pixels, were considered as mixed and therefore discarded from the ground truth. It is highly remarkable that the proposed method obtains comparable results in the two cases, retrieving the metal structure as it is represented in the high resolution ground truth.
AISA data set
The second image analyzed in our experiments is an AISA Eagle dataset. It contains 252 bands ranging from 395 to 975 nm in the visible and NIR spectral range. The original spatial resolution of the image was 2 m measured on ground, but in order to be treatable and still useful for the purposes of land cover interpretation it was downscaled to 6 m ground resolution while keeping the original spectral information as possible. The area is located in Hungary and contains arable lands near to the city of Heves. The area is mainly useful because of agricultural production. We considered a large subset of the image (400×500 pixels) containing six classes of interest. The original data set spatial resolution was degraded of a factor five. Although the larger mixing factor applied, the image is dominated by pure pixels, while a small quantity of mixed pixels can be found at the borders of areas belonging to different classes. The number of classes searched by the proposed algorithm was set to six, according to the ground truth knowledge. The results of this experiment are shown in Table II. The main difference with respect to the previous test is that the K-Means based technique provides the best results in terms of overall accuracy. As could be expected, the approach based on image clustering is more effective when dealing with classes having a large spatial distribution. 
CONCLUSIONS
In this work, a new method aiming at taking into account the problem of spectral mixtures for accurate hyperspectral data clustering is proposed. Two techniques, based on endmember extraction and image clustering were investigated. In both cases, a significative improvement in terms of thematic map quality and classification accuracy is obtained. The clustering based technique has shown to be less sensitive to pixels with extreme values of reflectance, while the endmember extraction approach resulted more effective in case of highly mixed scenes or retrieval of small classes. Future steps will be the simulation of low resolution data in a more realistic way, according to the point spread function of new hyperspectral sensors.
